Drosophila is poised to be a powerful model organism for studies of the gut-brain axis due to the 18 relative simplicity of its microbiota, similarity to mammals, and efficient methods to rear germ-19 free flies. We examined the gut-brain axis in Drosophila models of autosomal recessive 20 parkinsonism and discovered a relationship between the gut microbiota and parkin loss of function.
Introduction 39
Current studies have uncovered a fascinating link between the gut microbiota and the brain 40 (Mayer et al., 2014; Sharon et al., 2016) . For instance, alterations in the gut microbiota have been 41 shown to affect host neurotransmitter levels, and anxiety-and depression-like symptoms (Bravo 42 et al., 2011; Wong et al., 2016) . In addition, studies suggest that changes in the gut microbiota Since the mutant animals eat at the same rate as wild-type animals, we examined the possibility 126 that the rate of elimination could be slower, causing more bacteria to accumulate in the gut, by 127 conducting defecation assays with young and old parkin mutants, as well as with wild-type 128 controls. To measure the rate of defecation, cohorts of 40 animals per age and genotype were 129 placed on fly food containing FD&C Blue Dye #1. After 24h allowing the blue food to reach 130 steady state in the gut, animals were transferred to fresh blue food vials, and the number of blue 131 fecal spots deposited on the walls of the vial was counted after 24h. Food vials were laid on their 132 side, so that the climbing defects of parkin mutants would not affect the results of the 133 experiment. We observed that young parkin mutants had significantly lower rates of defecation 134 compared to wild-type controls ( Supplementary Fig. S1 ). Older flies showed no difference in 135 defecation rate, and, together with cell-type specific parkin RNAi experiments (see below), these 136 results suggested elimination from the gut is unlikely to be the sole contributor to the elevated 137 microbial load in parkin mutants.
138
Parkin is required in gut enterocytes to maintain microbial load homeostasis. To determine 139 which specific cell types required parkin activity to maintain gut microbial homeostasis, we 140 characterized a parkin RNAi line and confirmed that ubiquitous parkin knockdown using this 141 line led to a decrease in parkin RNA expression, muscle degeneration reflective of parkin loss of 142 function, as well as the increase in gut microbial load ( Fig. 2a-g) . We then examined the role of 143 tissues implicated in parkin function (the nervous system, muscle), as well as specific cell types 144 within the gut for a role in the gut microbial phenotype. Knockdown of parkin in gut enterocytes 145 (NP1-GAL4 driver) resulted in the increased microbial load ( Fig. 2h ), whereas we observed no 146 change in microbial load upon parkin depletion in gut stem cells (esg-GAL4 driver), neurons 147 (elav-GAL4 driver), or muscle (24B-GAL4 driver) ( Fig. 2i-k) . These results suggest that parkin 148 gene function is required in gut enterocytes to maintain microbial load within the wild-type in parkin flies may contribute to the parkin mutant phenotype. To assess this, we created germ-154 free animals by dechorionation of embryos followed by rearing on food supplemented with 155 antibiotics (Guo et al., 2014; Ren et al., 2007) . Flies mutant for parkin have a known increased 156 sensitivity to oxidative toxins such as paraquat (Pesah et al., 2004) . We assessed whether this We further investigated whether parkin knockdown in the gut selectively affects paraquat 170 sensitivity, or alternatively, if paraquat sensitivity is a non-gut phenotype that is affected by the 171 presence of the gut microbiota. To examine this, we used conditional parkin RNAi followed by 172 paraquat sensitivity assays. Ubiquitous RNAi of parkin phenocopied the increased toxin 173 sensitivity of the parkin mutant ( Fig. 3d ). Intriguingly, parkin RNAi knockdown selectively in 174 gut enterocytes did not cause a significant change in paraquat sensitivity ( Fig 3E) . Taken 175 together with a recent study suggesting that increased paraquat sensitivity in parkin mutants may 176 be due to parkin loss of function in muscle and brain (de Oliveira Souza et al., 2017), these 177 results indicate that paraquat sensitivity is not a gut-specific effect but that altering the gut 178 microbiota can influence non-gut animal characteristics, namely sensitivity to toxins.
179
The gut microbiota are altered in composition in aged parkin mutants. Given the impact of (Wang et al., 2007) . We found no significant difference in α-diversity between parkin 189 and wild-type microbiomes using several diversity metrics ( Supplementary Table S1 ). Weighted 190 UniFrac showed no difference at 7d in microbial composition between parkin null and control 191 males ( Fig 4A) . At 20d, however, the composition of the gut microbiota of parkin nulls and 192 wild-type flies diverged from each other and from the microbiome of 7d males (Fig. 4a ). These 193 data indicate that aged parkin mutants not only have a higher gut bacterial load, but also an 194 altered gut genera composition compared to normal animals. 195 We defined the variation underlying the divergent microbiome of aged parkin animals by 196 analyzing the most abundant gut genera, defined as comprising at least 5% of the total reads in 197 any one sample. These data showed that 20d parkin mutants have a decreased relative abundance In this study we examined the relationship between microbes in the gut and parkin gene function. 207 We discovered a five-fold increase of microbial load in the guts of aged parkin flies compared to 208 wild-type controls. In vivo RNAi of parkin in gut enterocytes revealed that parkin gene function 209 in the gut specifically impacts microbial load. Paraquat sensitivity assays with germ-free flies 210 showed a beneficial effect on paraquat sensitivity in germ-free parkin animals compared to 211 conventionally reared controls. Using 16S rDNA sequencing, we assessed the effect of the 212 parkin mutation on gut microbial composition and observed an altered bacterial genera and 213 species abundance in aged parkin flies. 214 Unexpectedly, the increase compared to controls of live microbes in the guts of 20d parkin flies 215 was not also observed in pink1 flies, even though Pink1 and Parkin share many age-associated 216 adult-onset phenotypes, and regulate mitophagy and mitochondrial fission/fusion as parts of the 217 same pathway (Pickrell and Youle, 2015) . In mammals, Parkin has been shown to ubiquitinate 218 and activate NEMO, a member of the NF-κB pathway, in a manner that is independent of Pink1 219 function (Müller-Rischart et al., 2013). Parkin also mediates ubiquitination of intracellular 220 pathogens; whether Pink1 is required for this activity is not known (Manzanillo et al., 2013) .
221
Taken together, these observations suggest that Parkin has roles that are independent of Pink1 222 gene function; regulation of microbial homeostasis may be one such function. 223 Our data suggest that parkin gene function impacts gut microbial load and abundance. There are 224 a number of ways in which an increase in microbial load may be linked to a change in microbial 225 composition. The increase may lead to a spike in inflammation and oxidative stress, rendering 226 the gut inhospitable for some taxa that otherwise would be present. It is also possible that parkin 227 loss of function causes a decrease in relative abundance of some microbes that would normally 228 limit proliferation of other taxa, leading to overgrowth of the remaining taxa. 229 It is unlikely that the effects of parkin loss of function on the gut microbiota are secondary 230 effects of the known function of parkin to disrupt mitochondrial homeostasis, since pink1 231 mutants have similar effects on the mitochondria but not microbial load. Although we cannot 232 fully rule out an effect on microbiota due to a change in defecation rate, we speculate that Parkin 
249
A surprising result is that the presence of a gut microbiome is detrimental to parkin mutants 250 exposed to paraquat. Given the improved toxin resistance of germ-free parkin flies, metabolism 251 of paraquat by microbes found in the parkin gut may increase paraquat toxicity. Many bacteria 252 have been shown to be able to use paraquat as an electron carrier in the redox cycle, generating 253 reactive oxygen species (ROS) (Haley, 1979) . ROS generated by gut bacteria through redox 254 cycling would not only be toxic in themselves, but also increase gut permeability, allowing even 255 more toxic paraquat to be taken up by the fly. Paraquat can also be used as a coenzyme by 256 bacteria in the reduction of sulfate, thiosulfate, hydroxylamine, nitrate, among other compounds 257 (Haley, 1979) . It is possible that paraquat could mediate increased secretion of a gut bacterial 258 metabolite which in turn is toxic to the host. 259 Our results suggest Parkin plays a before-undocumented role in regulation of gut microbial 260 homeostasis, and conversely, that the gut microbiota impact parkinsonism as modeled in the fly.
261
This study deepens our understanding of the parkin mutant phenotype and sets a foundation for 262 further studies on the importance of the gut microbiota to parkinsonism in mammals. For the blue dye assays, flies were fed for 48h on standard food supplemented with 2.5% w/v 324 FD&C Blue Dye #1 (SPS Alfachem). Five guts per age and genotype were dissected, homogenized 325 and the absorbance of the sample at 630nm was measured with a spectrophotometer. 326 For the defecation assays, cohorts of 40 animals per age and genotype were tested using ten flies 327 per vial on fly food containing 2.5% w/v FD&C Blue Dye. Animals were left on the dye for 24h.
328
Flies were transferred to fresh blue food vials and the number of blue fecal spots deposited on the 329 walls of the vials was counted after 24h.
330
Germ-free flies: The germ-free fly protocol was adapted from previously described 58°C for 30s, 72°C for 40s, 30 total amplification cycles, 72°C for 10 min, then hold 4°C. Three 357 PCR reactions were pooled and the PCR product was purified using the Agencourt AMPure XP 358 PCR purification kit (Beckman Coulter) and sequenced using MiSeq (Illumina).
359
Sequencing analysis was carried out using the QIIME suite (Caporaso et al., 2010) . Paired reads 360 were joined and quality filtered using a Phred score cutoff of 20. OTUs were picked using an 361 open-reference OTU picking algorithm with the Uclust alignment method and 99% identity.
362
OTUs with less than 10 reads were removed from the analysis. The most abundant sequence was 363 selected as a representative sequence for each OTU and used to assign a taxonomic classification 364 for each OTU using the RDP classifier version 2.12 (Wang et al., 2007) . The resulting OTUs and 365 their taxonomy were compiled in a QIIME OTU table. Survival curve on 20 mM paraquat of 0-3d conventional or germ free wild-type and parkin 1 620 mutant males. 100 animals per treatment and genotype were starved for 6h then placed on 10% 621 sucrose-, 2.5% agar-food containing 20 mM paraquat. Survival was measured every 8h for 168h 622 (over 7d). The experiment was repeated in three independent biological replicates. parkin 623 conventional and germ-free animals had significantly different survival curves to one another 624 and to their respective wild-type controls (p<0.0001, Log-Rank test).
625
. (B) Proboscis print assay to measure the rate of feeding of conventionally reared and germ-free 626 wild-type and parkin 1 mutant males at ages 0-3d. Assay was carried out as in Fig 1 but 
